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Loss of the endoplasmic reticulum resident chaperone calmegin leads to the production of sterile sperm that do not bind to
the egg zona pellucida (M. Ikawa et al., 1997, Nature 387, 607–611). In the present study, we demonstrate that calmegin
2/2 sperm were defective in migrating into the oviducts and in binding to the egg plasma membrane. Despite the impaired
adhesive function, calmegin 2/2 sperm could fertilize eggs when zonae pellucidae were partially dissected, and eggs
fertilized in this manner could develop normally to term. Since these sperm characteristics were similar to those found in
fertilin b 2/2 sperm, we investigated the interaction of calmegin with fertilin b. Using immunoprecipitation techniques,
calmegin was found to bind to sperm membrane proteins, fertilin a and b, during spermatogenesis. The binding was specific
o calmegin: another endoplasmic reticulum chaperone calnexin, a calmegin homologue, was not able to bind to fertilin a
and b. In the calmegin 2/2 mice, a loss of heterodimerization of fertilin a and b was observed and fertilin b was not
detectable in mature sperm. The data not only explain why the calmegin and fertilin b knockout mouse lines share a
ommon infertile phenotype, but also reveal the importance of the maturation of sperm membrane proteins in the
ndoplasmic reticulum. © 2001 Academic Press
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ellucida.c
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wINTRODUCTION
Many complex membrane proteins undergo subunit fold-
ing and assembly in the endoplasmic reticulum (ER) before
transport to the cell surface. Among the ER resident pro-
teins, calnexin, a molecular chaperone for N-linked glyco-
proteins, functions as a component of ER quality control
machinery (Ellgaard et al., 1999; Trombetta and Helenius,
998). Mutations in membrane proteins are known to cause
ome diseases such as cystic fibrosis, where improperly
olded mutant protein (cystic fibrosis transmembrane con-
uctance regulator, CFTR) is retained by calnexin inside the
R and fails to be transported to the plasma membrane
Chevet et al., 1999; Pind et al., 1994). On the other hand,
1 To whom correspondence should be addressed. Fax: 181-6-
o879-8376. E-mail: okabe@gen-info.osaka-u.ac.jp.
254when the calnexin interaction is disrupted, some nascent
membrane proteins are incorrectly folded or assembled and
are retrotranslocated to cytosolic proteasomes (Chevet et
al., 1999; Fayadat et al., 2000).
Calmegin was first identified as a spermatogenic cell-
specific antigen which is present from pachytene spermato-
cytes to round spermatids (Watanabe et al., 1992). Later it
was proved to be a Ca21 binding protein and to be a calnexin
homologue in the testis (Watanabe et al., 1994). In our
previous paper, we showed that calmegin is essential for
sperm fertility since the sperm from calmegin 2/2 mice
lack the ability to bind the zonae pellucidae of unfertilized
eggs (Ikawa et al., 1997). Our data suggested that the
almegin chaperones a sperm membrane protein required
or adhesion to zona pellucida, but it remained unclear
hich membrane proteins are missing and how the loss
ccurs.
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255Calmegin Is Required for Fertilin DimerizationApart from our work, defective zona binding has also
been observed in sperm from mice lacking fertilin b, also
nown as an ADAM2 (a member of the ADAM family,
ransmembrane proteins containing a disintegrin and met-
alloprotease domain) (Cho et al., 1998; Primakoff and
Myles, 2000). Fertilin consists of an a and a b subunit and
as been proposed to be a sperm/egg fusion protein (Blobel
t al., 1992; Cho et al., 2000). The defect of fertilin b 2/2
perm was reported to include impaired migration of sperm
nto the oviduct and disabled binding of sperm to the egg
lasma membrane. Here, we show that calmegin 2/2
perm share phenotypes in common with fertilin b 2/2
sperm. Further analysis revealed that mature type fertilin
was lacking on calmegin 2/2 sperm since calmegin was
important in fertilin a/b heterodimerization during sper-
atogenesis.
MATERIALS AND METHODS
Sperm Migration Analysis
B6C3F1 females were superovulated by intraperitoneal injection
of 5 units of pregnant mare’s serum gonadotropin followed 48 h
later by 5 units of human chorionic gonadotropin (HCG). Super-
ovulated females were caged together with calmegin mutant males
12 h after HCG injection, and the formation of vaginal plug was
observed every 30 min. About 2 h after copulation, oviducts were
excised together with a connective part of the uterus. The sperm
were flushed out from the remainder of the uterus with 1.0 ml of
TYH medium and an aliquot was used for counting sperm num-
bers. To detect sperm in the utero-tubal junction, the oviduct with
attached uterus was fixed in 4% paraformaldehyde–PBS for 6 h,
followed by washing with PBS, and was then prepared for frozen
sections.
Sperm Binding Analysis
The eggs were collected from oviducts of superovulated mice at
16 h after HCG injection and placed into a drop of TYH medium
under mineral oil. The eggs were freed from cumulus cells by
incubating with hyaluronidase (500 mg ml21; Sigma) for 5 min
ollowed by washing. Half of the cumulus-free eggs were treated
ith acidic Tyrode’s solution (Sigma) for about 30 s to remove the
onae pellucidae and were then washed with TYH medium. The
ona-intact and zona-free eggs were transferred into 200-ml drops of
YH medium covered with mineral oil. Sperm prepared from
audae epididymides of 3-month-old male mice were dispersed into
YH medium and, following 120 min of preincubation, were mixed
ith eggs to a final density of 1–2 3 105 sperm ml21. After 15 min
f coincubation, the eggs were washed gently with TYH medium
nd sperm bound to zona pellucida or egg plasma membrane were
bserved.
Partial Zona Dissection and in Vitro Fertilization
The partial zona dissection was performed following the method
described by Nakagata et al. (1997). Briefly, the cumulus-free eggs
ere transferred into 0.3 M sucrose/PB1 without BSA on bacterial-
rade culture dish. Zonae pellucidae were then dissected manually
ith the tip of a 30-gauge injection needle under a dissecting
Copyright © 2001 by Academic Press. All righticroscope. Following the partial zona dissection, eggs were de-
ached from the dish by introducing BSA-containing medium into
he drop. The eggs were then washed with TYH medium and
ubjected to in vitro fertilization. Fertilization events were judged
by pronuclei formation 8 h after sperm insemination. Fertilized
eggs were cultivated until the blastocyst stage and then transferred
to pseudopregnant females.
Transgenic Mice Expressing Calmegin
A rescue construct was prepared in the pBluescript SK II1
plasmid. The SacI–BamHI fragment (330 bp) of the calmegin
promoter region (Watanabe et al., 1995) was placed in front of the
BamHI–EcoRI fragment (2146 bp) containing calmegin cDNA with
a polyadenylation signal. TgN(CM-CM)Osb transgenic mouse lines
were produced by injecting the SacI–EcoRI fragment of the rescue
construct into pronuclei of B6C3F1 3 B6C3F1 fertilized eggs.
Offspring carrying the transgene were identified by PCR using
Primer C (59-CCTTCCTgCg gCTTgTTCTC T-39) and Primer D
(59-TATCATCCTT CTTTgCTTTT g-39) for calmegin cDNA. The
endogenous calmegin mutation was detected by PCR using Primer
A (59-TCTTACCACA AAgCACCTCC-39) and Primer-B (59-
gCACAACAgg ATggATgATT-39).
Immunoprecipitation and Western Blotting
Analysis
Rabbit polyclonal antisera were raised against synthesized pep-
tides, murine calnexin (C-terminal, EDEILNRSPRNRKPRRE),
calmegin (C-terminal, DESPGSGDAPLKSLRKRRVRKD), and fer-
tilin b (C-terminal, MKWRMDDFSSEEQFESESESKD). Rabbit anti-
fertilin a “metalloprotease and prodomain” antiserum was a gift
from Dr. Paul Primakoff. These antibodies were used for immuno-
precipitation and Western blotting for testicular lysates. To detect
fertilin b on sperm, mAb 9D was purchased from CHEMICON
International, Inc. Cell lysates or immunoprecipitates, prepared as
before (Ikawa et al., 1997), were subjected to SDS–PAGE under
nonreducing (0.5% SDS at room temperature) or reducing condi-
tions (2% SDS, 5% b-mercaptoethanol and boiled) and then ana-
yzed by Western blotting.
RESULTS
Defective Sperm Migration into Oviduct in
Calmegin 2/2 Sperm
To observe the effect of calmegin disruption on sperm
migration from the uterus into the oviduct, cross sections
of the utero-tubal junction were prepared and observed 2 h
after coitus. We found few sperm from calmegin 2/2 mice
nto the colliculus, the initial part of the oviduct, while
umerous sperm were observed in the nearby uterine lu-
en (Figs. 1A–1D). There was no difference in the numbers
f wild-type and calmegin 2/2 sperm recovered from the
uterus (5.9 6 2.0 3 106 and 5.7 6 1.9 3 106, respectively).
Impaired Adhesion to Zona-Free Eggs in Calmegin
2/2 Sperm
In our previous report, sperm adhesion to zona pellucida
was observed to be defective (Ikawa et al., 1997). In the
s of reproduction in any form reserved.
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256 Ikawa et al.present study, sperm adhesion was also deficient when we
incubated the calmegin 2/2 sperm with zona-free eggs,
(Figs. 2A and 2B). To measure sperm adhesion quantita-
tively, the numbers of sperm bound to zona-intact or
zona-free unfertilized eggs were counted. As shown in Fig.
2C, the sperm from calmegin 2/2 mice bound far less not
only to zonae pellucidae (0.8% of wild type) but also to
plasma membranes of zona-free eggs (5.2% of wild type).
Rescue of Calmegin 2/2 Sperm Infertility by
Partial Zona Dissection in Vitro
In our previous report, none of the 72 zona-intact eggs was
fertilized by calmegin 2/2 sperm (Ikawa et al., 1997). Here, to
nalyze the fusing ability of calmegin 2/2 sperm with egg
lasma membranes, we mixed the sperm with partially zona-
issected eggs to circumvent the zona penetration step of
FIG. 1. Defective migration of calmegin 2/2 sperm into oviduct f
the utero-tubal junction 2 h after coitus and making frozen sections
areas in (A) and (B) were magnified in (C) and (D). c, colliculus; u,ertilization (Nakagata et al., 1997). Sperm from calmegin 2/2
Copyright © 2001 by Academic Press. All rightice entered the perivitelline space through a slit opened in
he zona and succeeded in fusing with eggs (Fig. 3). Eight hours
fter the insemination, fertilization was confirmed by pro-
uclear formation. As shown in Table 1, fertilization was
ignificantly reduced when eggs were inseminated with
almegin 2/2 sperm. However, once fertilization occurred,
ggs fertilized by calmegin 2/2 sperm could successfully
evelop to the blastocyst stage in vitro. When the blastocysts
ere transferred to pseudopregnant female, they developed to
erm comparable to control eggs (Table 1). Subsequent male
ffspring, which were heterozygous for mutant and wild-type
almegin alleles, showed normal fecundity (data not shown).
Rescue of Calmegin 2/2 Infertility in Vivo by
Transgenic Approach
To determine whether calmegin was truly responsible for
. Sperm transits from uterus to oviduct were observed by removing
ed with hematoxylin and eosin. (A, C) Wild type; (B, D) 2/2. Boxed
s.ound
stainproducing sterile sperm, we produced transgenic mice ex-
s of reproduction in any form reserved.
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257Calmegin Is Required for Fertilin Dimerizationpressing calmegin under the control of calmegin promoter
(Fig. 4). The transgene was injected into B6C3F1 3 B6C3F1
ertilized eggs and transgenic pups were determined by ampli-
ying a 363-bp fragment by PCR. Four transgenic founder mice
lines 2, 11, 13, and 19) were obtained and were backcrossed to
almegin 2/2. When the testis lysates obtained from calme-
in 2/2 and transgenic male were subjected to Western
lotting analysis, comparable amounts of calmegin (93 kDa)
ere detected in lines 2 and 19 (Fig. 4C). The germ cell- and
ifferentiation stage-specific expression of the calmegin trans-
ene (pachytene–spermatid) was confirmed by immunostain-
ng (data not shown). To investigate the restoration of fecun-
ity, rescued males from these two lines were mated with
ild-type females for 3 months. The rescued males showed
ormal fecundity (average litter size/plug observed; TG line 2,
.0 6 2.7; TG line 19, 9.1 6 2.1), while nontransgenic
almegin 2/2 male littermates showed reduced fecundity
FIG. 2. Defective binding of calmegin 2/2 sperm to egg plasma
auda epididymal sperm for 15 min and observed. (A, B) Microsc
almegin 2/2 sperm. (C) Sperm binding to zona-intact and zona-re
ggs. The average numbers of sperm bound per egg (mean 6 s.d.) w
P , 0.001) and 33 6 13 in wild type and 1.7 6 1.1 in 2/2 spermaverage litter size/plug observed, ,0.1).
Copyright © 2001 by Academic Press. All rightInteraction between Calmegin and Fertilin
in the ER
Since calnexin, a ubiquitously expressed calmegin homo-
logue, has been reported to be an ER chaperone for secretory
proteins to mature (Ellgaard et al., 1999; Trombetta and
elenius, 1998), a similar function was postulated for
almegin in sperm membrane protein maturation during
permatogenesis. To determine whether calmegin interacts
ith a and/or b subunits of fertilin, testis lysates were
immunoprecipitated with anti-calmegin antibody and then
analyzed by Western blotting using anti-fertilin a and
nti-fertilin b antibodies. As a control, immunoprecipitates
with anti-calnexin antibody were used since the calnexin
also exists in spermatogenic cells which express calmegin
(Ikawa et al., 1997). Calmegin was precipitated only from
wild-type but not from calmegin 2/2 mouse testis. The
brane. Zona-intact and zona-removed eggs were incubated with
view of sperm binding to zona removed eggs. (A) Wild type; (B)
ed eggs was quantitatively measured by counting sperm bound to
5 6 13 in wild type and 0.5 6 0.5 in 2/2 sperm on zona pellucida
egg plasma membrane (P , 0.001).mem
opic
mov
ere 6amount of precipitated calnexin was not different in wild-
s of reproduction in any form reserved.
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258 Ikawa et al.type and calmegin 2/2 testis lysates (Fig. 5A). When the
mmunoprecipitates were probed with anti-fertilin a anti-
body, fertilin a precursor was found only in the anti-
almegin immune complex (Fig. 5B). Fertilin b precursor
was also found to be calmegin specific (Fig. 5C).
Loss of Heterodimerization and Sperm Surface
Presentation of Fertilin a/b in Calmegin 2/2
The effects of calmegin disruption on the fate of fertilin a
and b during spermatogenesis were investigated by Western
lotting analysis. Since fertilin a and b were reported to
heterodimerize in the testis, SDS–PAGE was performed
under reducing conditions to compare the total protein
amounts of fertilin a and b, respectively. A decrease of
pre-fertilin a and pre-fertilin b was found in calmegin 2/2
testis (Fig. 6A). When we performed the SDS–PAGE under
nonreducing conditions, in which complexes of fertilin a
precursor and b precursor could be detected as 160 and 145
kDa (a/b and a9/b heterodimer, respectively; Cho et al.,
000), we found the disappearance of both bands from
TABLE 1
Partial Zona Dissection Restored the Fertilizing Ability of Calmeg
Genotype of calmegin No. eggs examined
No. eg
1/1 or 1/2 179 148
2/2 549 201
Note. The data indicate means 6 SD from three independent ex
FIG. 3. Fertilization of calmegin 2/2 sperm after partial zona diss
in vitro fertilization. (A) A slit was opened by hand using a 30-gauge
in the eggs fertilized by calmegin 2/2 sperm 8 h after inseminatio* Fertilization rate in the 2/2 was significantly different from contr
Copyright © 2001 by Academic Press. All rightalmegin 2/2 testes, although certain amounts of mono-
ers still remained (Fig. 6B). When the sperm proteins were
eparated by SDS–PAGE under reducing conditions and
robed with anti-fertilin b antibody, the mature form of
fertilin b, a broad band around 43 kDa, completely disap-
peared from calmegin 2/2 sperm (Fig. 6C).
DISCUSSION
Calmegin 2/2 Sperm Phenotype
We have previously shown that the disruption of calme-
gin expression results in defective sperm adhesion to egg
zona pellucida (Ikawa et al., 1997). After our report, fertilin
2/2 sperm were also reported to exhibit defective adhesion
to zona pellucida. Moreover, an impaired migration into
oviduct and a defective adhesion to egg plasma membrane
were observed for fertilin 2/2 sperm (Cho et al., 1998). As
shown in the present paper, calmegin 2/2 sperm were also
defective in migration into the oviduct and in adhesion to
the egg plasma membrane. To analyze the egg-fertilizing
/2 Sperm in Vitro
rtilized No. eggs developed
to blastocyst (%)
No. pups/transferred
(%)
6) 135 (92 6 2) 17/61 (29 6 20)
14)* 179 (84 6 9) 30/80 (35 6 21)
ents.
n. Unfertilized eggs were subjected to partial zona dissection before
ction needle under a stereomicroscope. (B) Pronuclei were observedin 2
gs fe
(%)
(83 6
(30 6
perimectio
injeol (*, P , 0.05, unpaired Student’s t test).
s of reproduction in any form reserved.
a s 2 a
c
i
i
b
s
a
f
t
259Calmegin Is Required for Fertilin Dimerizationability of calmegin 2/2 sperm further, we performed a
partial zona dissection followed by in vitro fertilization.
Although the fertilization ratio, 30 6 14%, observed in
calmegin 2/2 mice sperm was low (36% of wild type), the
value was comparable to that reported in fertilin b 2/2
sperm (50% of wild type) (Cho et al., 1998). From these
experiments, calmegin was demonstrated to be required for
sperm migration, zona pellucida adhesion, and egg plasma
membrane adhesion but not essential for egg plasma mem-
brane fusion as described for fertilin b 2/2 mice (Cho et al.,
1998, 2000). It is noteworthy that once the eggs were
fertilized with calmegin 2/2 sperm there were no signifi-
cant differences in subsequent development.
Since there are some cases in which apparent phenotypes
FIG. 4. Rescued fertility of calmegin 2/2 male by transgene. (A) G
the transgene construct for rescue experiment. Neo-resistant gene
calmegin promoter region was used for rescue experiment. (B) Geno
2 kb of signal using Primers A and B. PCR from transgene gave a 363
when transgene was absent. MW, f174X HaeIII digest. (C) Weste
mounts of calmegin (93 kDa) were detected in wild-type, TG line
FIG. 5. Specific binding of fertilin a and b to calmegin. Testicular
ell extracts prepared from wild-type and calmegin 2/2 mice were
mmunoprecipitated with anti-calnexin or anti-calmegin antibod-
es. (A) The immunoprecipitated calnexin (CN) and calmegin (CM)
ands (90 and 93 kDa, respectively) were detectable even by silver
taining after SDS–PAGE under reducing conditions. Comparable
mounts of CN and CM immunoprecipitates were analyzed in the
ollowing Western blotting experiments. (B, C) Proteins transferred
o PVDF membrane were probed with anti-fertilin a (B) or anti-fertilin b (C) specific antibodies.
Copyright © 2001 by Academic Press. All rightof certain gene knockout mice were actually derived from
the indirect disruption of other genes (Olson et al., 1996),
we examined whether expression of calmegin from a trans-
gene can restore the wild-type phenotype to calmegin 2/2
mice. We found that two of four transgenic mouse lines that
express calmegin from the transgene during spermatogen-
esis regained their fecundity. These results clearly proved
that the deficiency of calmegin was the real cause of
infertility of calmegin 2/2 mice.
Loss of Fertilin Heterodimerization in Calmegin
2/2 Mice
Since calmegin was localized on ER membranes and
disappeared from spermatogenic cells during the last stages
of spermatogenesis (Watanabe et al., 1992; Yoshinaga et al.,
ic structure of wild-type allele and calmegin knockout allele with
inserted into calmegin exon 2. The 330-bp fragment containing
g of rescued mice. PCR from calmegin 1/1 gave 1 kb and 2/2 gave
ragment using Primers C and D. Nonspecific signals were observed
lotting analysis of testis lysates from rescued mice. Comparable
nd 19.
FIG. 6. Impaired fertilin a/b assembly and disappearance of fertilin
b from sperm surface. Twenty micrograms of testicular cell lysates
and 15 mg of sperm lysates were subjected to Western blotting
analysis. (A, B) Testicular proteins were resolved by SDS–PAGE under
reducing (A) and nonreducing conditions (B). (C) Sperm proteins were
resolved by SDS–PAGE under reducing conditions. Proteins trans-
ferred to PVDF membrane were probed with anti-fertilin a- or anti-
fertilin b-specific antibodies. Open arrowhead, fertilin a; solid arrow-enom
was
typin
-bp f
rn bhead, fertilin b; half-solid arrowhead, fertilin a/b heterodimer.
s of reproduction in any form reserved.
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260 Ikawa et al.1999), calmegin could not participate in sperm/egg adhe-
sion event directly. In addition, since calmegin is consid-
ered to function like calnexin (Ikawa et al., 1997; Watanabe
et al., 1994), we speculated that calmegin chaperones sperm
membrane proteins required for sperm fertility. Therefore,
the very similar phenotypes of calmegin 2/2 and fertilin b
2/2 mouse lines led us to investigate the relationship
between these two proteins. Immunoprecipitation followed
by Western blot analysis revealed that both fertilin a and b
specifically complexed with calmegin in the ER but not
calnexin. The disruption of calmegin was shown to cause
impaired heterodimerization of fertilin a/b and finally
resulted in the complete absence of fertilin b from mature
sperm. Since fertilin a was not present in mature sperm
when the fertilin b gene was disrupted (Cho et al., 1998),
ertilin a was also predicted to be missing from mature
calmegin 2/2 sperm. There is precedence for the disappear-
ance of a membrane protein from the cell surface when the
chaperone function of calnexin (a calmegin homologue) was
disrupted. For example, in the absence of a functioning
calnexin, the formation of the insulin receptor homodimer
was repressed and the receptor failed to be presented on the
cell surface (Bass et al., 1998). The present data not only
indicated the importance of calmegin function for the
sperm membrane protein maturation but also reinforced
the concept of ER chaperone functioning to form dimerized
proteins.
In addition to calmegin 2/2 and fertilin b 2/2 sperm,
the defective sperm–zona pellucida adhesions were reported
for sperm from mice lacking a testicular isoform of angio-
tensin converting enzyme (tACE) (Hagaman et al., 1998;
Kessler et al., 2000) and a sperm membrane protein, cyri-
testin (ADAM3) (Shamsadin et al., 1999). Recently, it was
reported that, if fertilin b or cyritestin was disrupted, the
ertilin a also disappeared from the sperm (Nishimura et al.,
001). In the present paper, we demonstrated the direct
vidence of the specific interaction of fertilin a and b to
calmegin during spermatogenesis and also indicated that
the heterodimerization of fertilin a and b is important for
he subsequent presentation of fertilin on sperm surface.
urther studies clarifying the intermolecular relationships
mong recently emerged zona-binding related proteins are
ecessary to understand the basis of sperm fertility in
olecular terms. These basic investigations also are clini-
ally relevant since a defect in zona pellucida adhesion was
eported to be the major cause of failure in clinical in vitro
ertilization programs (Liu and Baker, 2000).
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